Large-conductance Ca 2+ -activated K + (BK Ca ) channels regulate the physiological properties of many cell types. The gating properties of BK Ca channels are Ca 2+ -, voltageand stretch-sensitive, and stretch-sensitive gating of these channels requires interactions with actin microfilaments subjacent to the plasma membrane. Moreover, we have previously shown that trafficking of BK Ca channels to the plasma membrane is associated with processes that alter cytoskeletal dynamics. Here we show that the Slo1 subunits of At least one point mutation within the ABD (L1020A) reduces surface expression of Slo1 channels to about 25% of wild-type, but does not cause a marked effect on the gating of point mutant channels that reach the cell surface. These data suggest that Slo1-actin interactions are necessary for normal trafficking of BK Ca channels to the plasma membrane, and the mechanisms of this interaction may be different from those that underlie F-actin and stretch-sensitive gating.
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Introduction
Large-conductance Ca 2+ -activated K + channels (BK Ca channels) are widely distributed throughout the nervous system. They are both voltage-and Ca 2+ -dependent and contribute to action potential waveforms, the regulation of repetitive firing, and a variety of membrane potential oscillations. BK Ca channels also regulate the physiology of many types of non-neuronal cells. Consequently, the gating and structure of BK Ca channels have been extensively studied (Lu et al, 2006; Lingle, 2007) . In addition to regulation by Ca 2+ and membrane potential, there is an extensive literature indicating that the gating of BK Ca channels is regulated by membrane stretch (Ehrhardt et al., 1996; Huang et al., 2002; Piao et al., 2003; Tian et al., 2006) . Stretch-sensitivity of smooth muscle BK Ca channels involves interactions with F-actin, as gating is altered in native cells by treatment with agents that alter actin dynamics (Ehrhardt et al., 1996; Piao et al., 2003; Brainard et al., 2005) . Moreover, Slo1 channels can co-immunoprecipitate with actin (Brainard et al., 2005) and the cytosolic domains in Slo1 can bind to cortactin, an actinbinding scaffolding protein (Tian et al., 2006) . This later interaction appears to be essential for stretch-induced activation of BK Ca channels, and it occurs in a cytosolic region of the channel close to a domain known to play a role in Ca 2+ -dependent gating MOL #39743
systems, but some variants are largely retained in intracellular compartments (Zarei et al., 2001; Wang et al., 2003 , Kim et al., 2007a , 2007b Ma et al., 2007) . These observations have allowed identification of sequence motifs that play a role in regulating the trafficking of various Slo1 isoforms. These include hydrophobic ER export signals and a sorting motif that is required for selective expression of Slo1 on the apical surface of polarized epithelial cells (Kwon and Guggino, 2004; Zarei et al., 2004) . More recently, we and others have identified alternatively spliced C-terminal domains that determine the extent of constitutive steady-state surface expression of BK Ca channels in several cell types (Kim et al., 2007a (Kim et al., , 2007b Ma et al., 2007) .
The regulated trafficking of Slo1 channels is a physiologically relevant process in the nervous system. For example, ciliary neurons of the developing chick ciliary ganglion retain BK Ca channels in multiple intracellular stores prior to formation of synapses with target tissues (Dourado and Dryer, 1992; Chae et al., 2005a Chae et al., , 2005b .
Stimulation by multiple endogenous growth factors at around the time of synapse formation with target tissues triggers movement of BK Ca channels into the plasma membrane (Dourado and Dryer, 1992; Cameron et al., 1998; Cameron et al., 2001; Chae et al., 2005a Chae et al., , 2005b . The cytoskeleton plays an important role in the regulated and constitutive trafficking of other membrane proteins, including ion channels and other MOL #39743 6 as filamin (Petrecca et al., 2000; Sampson et al., 2003) . In the case of insulin-mediated trafficking of the GLUT-4 transporter, actin does not act as either a static barrier or a scaffold. Instead, dynamic changes in actin structure are required for movement of GLUT-4 into the plasma membrane (Kanzaki et al., 2001) . Our recent data from developing chick ciliary neurons suggest that growth factors that regulate BK Ca trafficking act on multiple signaling cascades that impinge on cortical actin dynamics (Lhuillier and Dryer, 2002; Chae et al., 2005a Chae et al., , 2005b Chae and Dryer, 2005a, 2005b) .
In the present study, we have examined the role of actin interactions in the trafficking of BK Ca channels. We demonstrate the existence of a novel actin-binding motif in the cytoplasmic C-terminal of Slo1 channels. We also show that interactions with this domain are necessary for normal surface expression in the plasma membrane. sample were separated by SDS-PAGE on 10% gels. Samples of cell lysates were used as input controls to identify where on the gels that the protein being probed migrated.
Proteins were transferred to nitrocellulose filters by wet transfer (1 hr) on ice. Blots were blocked for 1 h at room temperature, washed with TBST buffer, incubated with one of the primary antibodies (anti-actin MAB1501, anti-Slo1 MAB5228, or anti-myc 9B11) overnight at 4 °C, washed again with TBST, and the membrane was incubated with horseradish peroxidase-conjugated secondary antibody (Pierce Biotechnology, Rockford, IL) for 2 h at room temperature. The proteins were visualized using a chemiluminescent substrate (Super Signal West Pico, Pierce Biotechnology). For GST pull-down assays, GST, GST-CT1, GST-CT2, GST-CT3, GST-CT3A, GST-CT3B, GST-CT3B, GST-CT3C or GST-CT3D fusion proteins were expressed and extracted from E. coli strain BL21 and 50 Measurements of the steady-state G-actin/F-actin ratio in E9 ciliary ganglion neurons were carried out using a commercial assay (Cytoskelton Inc., Denver, CO) based on the differential solubility of G-actin and F-actin followed by immunoblot analysis. This assay was carried out according to the manufacturer's instructions and using their reagents. Cells were treated with control medium or 1 nM recombinant TGFβ1 (R & D Systems, Minneapolis, MN) 12 hr prior to actin analysis. These and all subsequent biochemical experiments were repeated at least three times.
Cell culture and staining. Embryonic day 9 ciliary ganglion neurons were dissociated and cultured as described in detail previously (Dourado and Dryer, 1992; Subramony et al., 1996; Cameron et al., 1998) . HEK293T cells were grown in Dulbecco's modified Eagle's medium (Sigma) containing 10 % heat-inactivated fetal bovine serum at 37 °C in a 5% CO 2 incubator. HEK293T cells were transiently transfected using Fugene 6™ 
Results
Actin binds to a domain on the cytoplasmic C-terminal of Slo1 channels. Actin-Slo1 interactions in native neurons were established by co-immunoprecipitation from embryonic day 9 (E9) chick ciliary ganglion extracts. This was observed two ways: with initial precipitation carried out using a commercially available antibody against Slo1, followed by immunoblot with an antibody against actin (Fig. 1A) ; and also by immunoprecipitation with anti-actin followed by probing of immunoblots with an antibody against Slo1 (Fig. 1B) . Confocal microscopy using the same Slo1 antibody reveals that a pool of Slo1 channels close to the plasma membrane colocalizes with rhodamine-conjugated phalloidin, a marker for F-actin ( Fig. 1C) , which occurs at high levels in cortical regions subjacent to some regions within the plasma membrane. It bears noting that Slo1 signal is markedly reduced on those portions of the neuronal soma surface in which a subjacent layer of cortical actin cannot be detected.
Native neurons present formidable technical limitations for analysis of channel trafficking. Therefore, we have used HEK293T cells to analyze the nature and functional significance of Slo1-actin interactions. We initially expressed three different alternatively spliced variants of mammalian Slo1 channels and examined their interactions with actin by co-immunoprecipitation. We have previously referred to these isoforms as VEDEC, QEERL, and EMVYR, after the last five residues in each variant (Kim et al., 2007a (Kim et al., , 2007b . All three Slo1 expression constructs contain an N-terminal (ectofacial) myc tag. Placing a myc tag in this position has previously been shown to have minimal effects on gating and trafficking of BK Ca channels (Meera et al., 1997; Wang et al., 2003) . HEK293T cells expressing these channels were lysed and Slo1 channels were immunoprecipitated, in this case using an antibody against the myc tags.
This article has not been copyedited and formatted. The final version may differ from this version. We observed that actin could be detected in the immunoprecipitates of all three Slo1 isoforms by immunoblot analsysis using a pan-actin antibody (Fig. 1C) . Thus, the interaction between Slo1 and actin can be detected with multiple antibodies that recognize the Slo1 channels.
What portions of the Slo1 molecule bind to actin? To address this question, we prepared a series of GST-fusion proteins comprised of cytoplasmic portions of Slo1,
focusing on the C-terminal regions that are conserved in all three variants, starting immediately after the last transmembrane domain (S6) ( Fig. 2A ). We initially subdivided this large cytoplasmic tail into three components: CT1 (from E324 to P783); CT2 (from G784 to A984); and CT3 (from L985 to Q1108). Note that Q1108 is the last residue conserved in all three Slo1 expression constructs described above. Fixed amounts of these GST-fusion proteins were bound to glutathione-Sepharose 4B beads, which were then added to an extract of non-transfected HEK293T cells. Proteins bound to the beads were eluted, separated by SDS-PAGE, and analyzed by immunoblot. We observed that GST-CT3 could pull actin out of the HEK293T cell lysate, but that the GST-CT1 or GST-CT2 constructs, and GST itself, were ineffective ( Fig. 2B) . Therefore, the CT3 region was further subdivided into four smaller domains, CT3A, CT3B, CT3C, and CT3D (shown schematically in Fig. 2A ), which were prepared as GST-fusion proteins.
We observed that GST-CT3B could pull actin out of a HEK293T cell lysate, but the other GST-CT3 constructs could not (Fig. 2C , top). The GST pull-down assays described above were performed on a whole cell lysate and cannot exclude that actin interactions with the C-terminal portions of Slo1 are indirect; in other words, such an observation could reflect formation of a larger complex that includes some other actin-binding This article has not been copyedited and formatted. The final version may differ from this version. The actin-binding motif on Slo1 channels is required for expression in the plasma membrane. The ABD is close to domains required for endoplasmic reticulum export and trafficking in polarized epithelial cells (Kwon and Guggino, 2004 ). Therefore we hypothesized that the ABD may be involved in channel trafficking to the plasma membrane. This hypothesis makes two specific predictions. First, if direct Slo1 binding to actin is essential for trafficking then it should be possible to perturb surface expression by co-expressing a small molecule that competes with full-length Slo1 channels for actin binding. To test this hypothesis, we co-expressed full-length Slo1 QEERL channels with an ABD-GFP fusion protein in HEK293T cells. We chose to focus on the QEERL isoform because it is expressed in native neurons (Kim et al., 2007b) and because it has a high level of constitutive trafficking to the plasma membrane (Kim et al., 2007b; Ma et al., 2007) . In control experiments, we co-expressed the full-length Slo1 channels with GFP.
This article has not been copyedited and formatted. The final version may differ from this version. After 24 hr, the surface expression of functional cell surface Slo1 channels was assessed by biochemical and electrophysiological methods. In the most direct approach, we observed that co-expression of ABD-GFP markedly reduced surface expression of the Slo1 compared to control cells co-expressing GFP, as assessed by cell-surface biotinylation assays in HEK293T cells (Fig. 3A, B) . However, co-expression of ABD-GFP did not effect the total amount of Slo1 expressed compared to cells co-expressing GFP. Addition of the ABD (in the form of GST-CT3B) to a cell lysate reduced the amount of actin that co-immunoprecipitates with myc-tagged Slo1 channels compared to what is observed when GST-CT3A is added to the same lysate (Fig. 3B, C) . Recall that GST-CT3A does not bind actin (Fig. 2C) , and this result indicates that the CT3B construct competes with full-length channels for binding to actin. A similar pattern was seen with whole-cell recording. In these experiments, recording electrodes were filled with a saline containing 5 µ M free Ca 2+ so as to allow for robust activation of BK Ca channels in HEK293T cells by step commands within a range comparable to that observed in excised patches. A more detailed analysis of macroscopic currents observed using these methods has been presented elsewhere (Kim et al., 2007a (Kim et al., , 2007b (Kim et al., , 2007c , and representative current traces are shown in Fig. 4A . Currents were evoked by depolarizing voltage steps from a holding potential of -60 mV. We observed that co-expression of the ABD-GFP fusion protein resulted in a marked reduction in mean whole-cell currents carried by Slo1 channels compared to those observed when full-length Slo1 subunits were co-expressed with GFP (Fig. 4B) . These results collectively indicate that soluble fusion proteins containing the ABD compete with full-length Slo1 channels for access to actin, resulting in reduced steady-state expression in the plasma membrane.
This article has not been copyedited and formatted. The final version may differ from this version. The hypothesis further predicts that removing the ABD from Slo1 channels should block their expression on the cell surface. To test this, we prepared a deletion construct of the QEERL isoform of Slo1 in which 25 residues (L 1020 -F 1045 ) within the ABD are removed (Slo1-∆ABD). The Slo1-∆ABD construct contains the same Nterminal myc tag as the full-length Slo1 constructs described above. These constructs were expressed in HEK293T cells and surface expression was determined using four independent methods of analysis. First, we separately labeled surface and intracellular pools of Slo1 channels for visualization by confocal microscopy. Transfected HEK293T cells were exposed to mouse anti-myc prior to fixation. Cells were then fixed, permeabilized, and labeled with CY3-conjugated goat anti-mouse and FITC-conjugated goat anti-myc in order to identify surface and intracellular pools of channels in the same cells (Fig. 5A) . We observed full-length Slo1 channels expressed on the cell surface (red fluorescence), along with a pool of channels in intracellular stores (green fluorescence).
By contrast, Slo1-∆ABD channels appeared to be completely excluded from the cell membrane, but were easily detected in intracellular compartments (Fig. 5A ). Cell surface biotinylation assays also show that the myc tag on full-length Slo1 channels can be detected on the surface of transiently transfected HEK293T cells, whereas myc tags were below the level of detection on the surface of HEK293T cells expressing Slo1-∆ABD (Fig. 5B) . It also bears noting that Slo1-∆ABD channels do not co-localize with F-actin in HEK293T cells, whereas full-length Slo1 channels show extensive co-localization with F-actin as indicated by staining with rhodamine-conjugated phalloidin (Fig. 5C ).
In addition, using methods already described, we observed voltage-evoked outward whole-cell currents in HEK293T cells expressing myc-tagged Slo1 channels, but
This article has not been copyedited and formatted. The final version may differ from this version. we could not detect whole-cell currents in any cells expressing myc-tagged Slo1-∆ABD (Fig. 6A) . It bears noting that cell samples were transfected with the same amounts of DNA for both constructs in all of these experiments, and comparable amounts of both proteins were detected in cell lysates (Fig. 6B ). This suggests that the Slo1-∆ABD protein is not subjected to a substantially greater rate of degradation than the full-length Slo1 protein.
To further ascertain that functional channels were not being expressed on the cell surface, we also examined currents in excised inside-out patches, measuring currents evoked at +60 mV while the cytoplasmic face of the patch membranes are exposed to 20 µ M bath Ca 2+ . We observed a similar pattern, namely that virtually no current was detected in patches excised from cells expressing the Slo1-∆ABD construct, but that very large (5-10 nA) currents were observed in patches excised from cells expressing wild-type Slo1 (Fig. 6B ).
The ABD region of Slo1 does not exhibit close homology with the actin-binding regions of other proteins. However, we did notice that the actin-binding regions of some other proteins (Vandekerckhove et al., 1989; Bresnick et al., 1990 ) contain a degenerate motif that can be described as L/I-X-D/E-X-X-L/I where X can be any residue, and that this motif is found within the Slo1 ABD. To test the hypothesis that these residues contribute in some way to Slo1-actin interactions, we prepared soluble GST-C3B fusion proteins in which residues L 1020 , D 1022 or L 1025 of QEERL channels were mutated to alanine, and then examined whether these proteins could bind to purified β-actin using a GST pull-down assay in a binary mixture. The methods used in this assay were the same as those used in Fig. 2C . We observed that the L1020A mutation caused a reduction in the binding of the resulting GST fusion protein to purified β-actin, but that binding to the This article has not been copyedited and formatted. The final version may differ from this version. (Fig. 8A, B) . The same pattern was also observed in whole-cell recordings in which recording pipettes contained 5 µ M Ca 2+ (Fig. 8C, D) . Unlike the ABD deletion mutants, however, the resulting currents were reduced but not eliminated. The effects of point mutations within the ABD provide an additional line of evidence suggesting that direct binding to actin filaments is necessary for normal steady stage surface expression of Slo1 channel proteins.
This article has not been copyedited and formatted. The final version may differ from this version. These results suggest a model in which F-actin provides an obligatory pathway for Slo1 movement to the cell membrane. We further propose that growth factors alter actin dynamics so as to facilitate movement along these filaments. The final steps of channel insertion into the plasma membrane most likely require the channels to unload from the subjacent actin filaments, possibly by localized F-actin depolymerization, or, alternatively, by binding of other adaptor proteins. If this F-actin unbinding step were to be rate limiting, then cortical actin could function as a barrier to Slo1 insertion into the plasma membrane that is removed upon activation of appropriate growth factor signaling A surprising feature of this effect is that it persists when BK Ca channels interact with filamin A deletion mutants that lack their actin-binding domains. The fact that BK Ca channels bind directly to actin can explain some of those observations. Do direct actin interactions affect other aspects of BK Ca function? We cannot exclude that the ABD contributes to stretch-sensitive gating since the ABD is located on cytoplasmic domains in the C-terminal. We are experimentally limited by the fact that complete inhibition of actin binding appears to prevent surface expression, which precludes making the necessary recordings. However, it is worth noting that the ABD in Slo1 channels is located considerably downstream of the RCK and calcium bowl domains that are thought to comprise the Ca 2+ -binding sites that mediate most physiological gating processes of these channels (Krishnamoorthy et al., 2005; Zeng et al., 2005) . The ABD is also located at some distance from a pair of non-canonical C-terminal Src homology 3
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GST-CT3A
GST-CT3B
GST-CT3C
GST-CT3D
anti-Actin β-actin
GST-CT3A
GST-CT3D
GST-CT3C GST anti-Actin 
